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14.  ABSTRACT 

Each  year,  more  than  34  million  musculoskeletal  injuries  or  organ  repair  or  replacement 
surgeries,  and  over  300,000  cases  of  peripheral  nerve  injuries  resulting  in  upper  extremity 
paralytic  syndrome,  are  reported  in  the  U.S.  alone.  Active  duty  military  personnel  are  more 
prone  to  orthopedic  injuries  involving  large  extremity  nerve  injuries  than  civilians.  The 
objective  of  the  present  proposal  is  to  develop  a  novel  structured  nanofibrous  biodegradable 
nerve  graft  system  that  present  ECM  protein,  neurotrophic  factor,  and  pre-seeded  with  bone 
marrow  stromal  cells  in  rotating  bioreactors  for  enhancing  peripheral  nerve  regeneration  to 
the  level  comparable  to  autograft.  In  the  second  year  of  this  project,  we  assessed  the 
release  kinetics  of  nerve  growth  factor  and  determined  that  PCL-PEG-BSA-NGF  provided  a 
favorable  environment  as  observed  by  PC-12  neurite  extension.  As  compared  to  static  culture 
conditions,  the  dynamic  culture  in  rotating  bioreactors  stimulated  the  proliferation  and 
differentiation  of  BMSCs  seeded  on  nerve  grafts.  Based  on  our  current  progress  with  the  in 
vivo  animal  studies,  we  have  observed  that  the  autograft  group  yielded  better  results  as 
compared  to  the  nerve  graft  (without  any  cells,  growth  factors,  and  proteins) .  While  our  in 
vitro  data  showed  the  efficacy  of  the  nerve  graft  could  be  improved  with  various  additives, 
we  have  not  yet  included  these  groups  in  the  in  vivo  studies.  As  such,  we  expect  the 
performance  of  the  nerve  graft  to  improve  in  the  continuation  of  the  following  in  vivo 
experiments  for  incorporating  additives  into  the  nerve  grafts. 
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1.  INTRODUCTION: 

The  peripheral  nervous  system  is  made  up  of  the  nerves  and  ganglia  outside  of  the  central  nervous  system,  which  is 
the  brain  and  spinal  cord.  The  function  of  the  peripheral  nervous  system  is  to  bridge  the  central  nervous  system 
with  the  rest  of  body.  Peripheral  nerve  injury  (PNI)  affects  approximately  200,000  patients  in  the  United  States, 
with  greater  numbers  reported  globally1.  PNI  can  be  severe  enough  to  result  in  a  loss  of  function  to  certain  parts  of 
the  body  especially  if  there  is  a  gap  in  the  nerve.  Peripheral  nerve  injuries  (PNI),  often  caused  by  trauma  or 
iatrogenic  injury2,  often  require  surgical  intervention.  The  gold  standard  to  repair  nerve  injuries  is  through  two 
methods:  direct  coaptation  of  the  proximal  and  distal  stump  when  the  nerve  gap  is  <4mm  and  when  the  nerve  gap  is 
>4mm,  application  of  an  autograft,  in  which  a  patient’s  own  nerve  from  a  secondary  location  on  the  body  is  applied 
to  the  primary  site  of  injury3. 

Active  duty  military  personnel  are  more  prone  to  orthopedic  injuries  involving  large  extremity  nerve  injuries  than 
civilians4.  Autografts  are  often  associated  with  the  limited  availability  and  risks  of  immunogenicity,  respectively. 
Due  to  the  inherent  limitations  of  using  autografts,  we  proposed  a  tissue  engineering  approach  to  design  a  novel 
nerve  guidance  conduit  based  on  the  encouraging  findings  from  our  previous  studies.  The  objective  of  the  present 
proposal  is  to  develop  a  novel  structured  nanofibrous  biodegradable  nerve  graft  system  that  present  extracellular 
matrix  (ECM)  protein,  nerve  growth  factor,  and  pre-seeded  with  bone  marrow  stromal  cells  (BMSCs)  in  rotating 
bioreactors  for  enhancing  peripheral  nerve  regeneration  to  the  level  comparable  to  autograft.  We  hypothesize  that 
the  proposed  novel  structured  nanofibrous  biodegradable  grafts  will  provide  the  micro  environment,  bioactivity, 
transport  features  and  mechanics  ideal  for  enhancing  the  rate  of  nerve  regeneration  and  healing  critical  sized  nerve 
defects.  We  further  hypothesize  that  the  grafts  seeded  with  BMSCs  will  accelerate  the  tissue  regeneration,  resulting 
in  formed  tissue  possessing  the  biochemical  composition  and  mechanical  properties  of  native  tissue. 

2.  KEYWORDS:  Nerve  regeneration,  nerve  guidance  conduit,  bone  marrow  stromal  cells,  rat  sciatic  nerve,  nerve  growth  factor. 

3.  OVERALL  PROJECT  SUMMARY: 

In  this  annual  period  from  September,  2014  to  September  2015,  we  have  successfully  completed  all  the 
milestones  in  the  proposed  SOW  for  this  period  of  time.  We  further  investigated  the  incorporation  of 
nerve  growth  factors  into  the  nerve  grafts  and  assessed  its  release,  bioactivity  and  neurite  stimulation 
effects.  We  seeded  bone  marrow  stromal  cells  onto  nerve  grafts,  and  evaluated  the  influence  of  seeding 
density  on  cell  proliferation  and  differentiation.  We  further  seeded  bone  marrow  stromal  cells  onto  nerve 
grafts  in  bioreactors  and  evaluated  the  influence  of  rotating  speed  of  bioreactors  on  cell  proliferation  and 
differentiation  and  neurite  stimulation.  We  implanted  three  groups  of  nerve  grafts  into  animals  in  a  15 
mm  long  critical  sized  rat  sciatic  nerve  injury  model  for  12  weeks,  and  characterized  nerve  regeneration 
through  functional  test,  electrophysiological  test  and  histological  analysis.  We  investigated  composite 
scaffold  of  polcaprolactone  (PCL)  nanofiber  matrices  with  sodium  alginate  (Na-Alg)  coating  and 
blending  approach  for  PCL-  gelatin,  and  electrically  conducting  polymers  for  improving  various 
properties  for  nerve  conduits._Specifically,  we  have  completed  the  following: 

Incorporation  of  nerve  growth  factors  into  nerve  grafts: 

•  Based  on  the  successful  design  of  nerve  grafts  in  our  previous  annual  report,  we  further  optimized  and 
characterized  NGF  incorporation  and  subsequent  release  from  the  novel  structured  nerve  grafts.  The 
amount  of  NGF  to  be  incorporated,  its  stability,  and  bioactivity  was  assessed  using  well  established 
laboratory  protocols. 

o  Nerve  growth  factor  delivery:  Nerve  growth  factor  was  loaded  into  PCL  nanofibers,  and  the 
release  kinetics  was  adjusted  by  adding  small  amount  of  chitosan  as  described  in  preliminary 
studies.  The  NGF  loaded  nerve  grafts  were  placed  in  phosphate  buffered  saline  at  37°C.  Samples 
of  buffer  were  taken  at  2,  4,  6,  12,  18,  and  24  hours,  and  at  2,  3,  5,  7,  10,  14,  21,  and  28  days,  and 
analyzed  using  ELISA  for  concentration  to  determine  the  nature  of  the  release. 
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Figure  1.  Comparison  of  NGF  Release  from  Nanofibers  coupled  with  and  without  Bovine  Serum 

Albumin  (BSA). 


Figure  2.  Comparison  of  NGF  Release  from  Nano  fibers  cross-linked  with  PEG  and  coupled  with  and 

without  Bovine  Serum  Albumin  (BSA). 

As  shown  in  Figure  1  and  2,  the  release  trend  changes  when  PEG  is  incorporated  with  the  nanofibers. 
The  PEG  clearly  suppressed  the  burst  release  of  the  NGF  as  compared  the  PCL-NGF  group,  which 
depletes  its  NGF  supply  within  14  days.  The  BSA  aids  in  reducing  burst  release  of  the  NGF. 

To  further  assess  the  techniques  we  incorporated  NGF  into  PCL  we  seeded  neuron  like  cell  (neuronal 
cell  line  derived  from  a  pheochromocytoma  of  the  rat  adrenal  medulla  -  PC- 12  cells)  on  the  nerve 
scaffolds  and  observed  variation  in  neurite  extension  over  a  28  day  period. 

o  Bioassay  for  the  released  nerve  growth  factor:  To  determine  the  bioactivity  of  the  NGF  released 
from  nerve  grafts,  we  used  a  PC- 12  cell  based  bioassay.  The  adding  of  NGF  was  necessary  for 
neurite  outgrowth  from  PC- 12  cells.  We  assessed  if  the  released  NGF  had  bioactivity  by  observing 
neurite  outgrowth  from  PC- 12  cells.  Supernatant  from  nerve  grafts  both  loaded  with  and  free  of 
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nerve  growth  factor  after  release  study  at  different  time  points  as  described  above  were  added  into 
cultured  PC- 12  cells,  and  neurite  extension  was  examined  by  staining  for  neurafilament  and 
observing  under  a  microscope. 

o  Neurite  outgrowth  stimulating  activity:  PC- 12  cells  will  be  cultured  on  the  nerve  grafts  containing 
NGF  and  stained  for  evaluating  neurite  outgrowth  from  neurons.  Neurite  length  and  percentage  of 
PC- 12  cells  with  neurite  outgrowth  will  be  quantitatively  determined. 


Figure  3.  PC-12  Culture  for  a  7  day  period.  PCL  (A),  PCL  with  50  ng  NGF  by  pipetting  (B),  PCL/NGF 
blending  in  the  nanofibers  (C),  PCL/BSA/NGF  (D),  PCL/PEG/NGF  (E),  and  PCL/PEG/BSA/NGF 


through 

(F) 
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Figure  4.  PC-12  Culture  for  a  14  day  period  PCL  with  50  ng  NGF  by  pipetting  (A),  PCL/NGF  through 
blending  in  the  nanofibers  (B),  PCL/BSA/NGF  (C),  PCL/PEG/NGF  (D),  and  PCL/PEG/BSA/NGF  (E) 
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Figure  5.  PC- 12  Culture  for  a  21  day  period.  PCL  with  50  ng  NGF  by  pipetting  (A),  PCL/NGF  through 
blending  in  the  nanofibers  (B),  PCL/BSA/NGF  (C),  PCL/PEG/NGF  (D),  and  PCL/PEG/BSA/NGF  (E) 


A 

B 
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W  ' 

D 

'  "ti  :: 

V  A  1 

Figure  6.  PC- 12  Culture  for  a  28  day  period.  PCL  with  50  ng  NGF  by  pipetting  (A),  PCL/NGF  through 
blending  in  the  nanofibers  (B),  PCL/BSA/NGF  (C),  PCL/PEG/NGF  (D),  and  PCL/PEG/BSA/NGF  (E) 


As  shown  in  Figure  3,  4,  5  and  6,  the  PCL/PEG/BSA/NGF  consistently  performed  better  than  the  other 
groups  in  regard  to  neurite  elongation.  While  BSA  improves  the  NGF  release  and  PEG  aids  cellular 
attachment,  they  complement  each  when  applied  together  which  improves  neurite  elongation.  The  addition 
of  BSA  to  PCL  provided  a  hydrophilic  characteristic  to  an  otherwise  hydrophobic  polymer.  The  hydrophilic 
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characteristic  provided  for  uniform  loading  of  the  NGF  and  allowed  the  NGF  to  attach  to  the  BSA.  Thus  the 
BSA  reduced  the  burst  release  of  the  NGF  and  allowed  a  more  consistent  release  for  a  longer  duration. 

PCL  inherently  does  not  contain  any  functional  groups,  which  is  why  poly-ethylene  glycol  (PEG)  is  applied 
to  crosslink  PCL.  A  crosslinked  PCL  becomes  more  favorable  for  NGF  release  and  cellular  attachment. 
Initially  we  had  only  proposed  to  do  PCL-BSA-NGF  technique,  while  here  we  have  explored  the  application 
of  PEG  and  PEG  with  BSA.  This  coupling  as  shown  above  provides  a  more  sustained  release  of  NGF,  is 
better  for  cellular  attachment,  and  yields  longer  neurite  elongation. 

Animal  protocol  approval: 

•  A  specific  task  was  for  obtaining  the  institutional  animal  care  and  use  committee  (IACUC)  approval, 
and  subsequent  submission,  review,  and  approval  of  all  IACUC  documents  to  the  US  Army  Medical 
Research  and  Materiel  Command  (USAMRMC)  Animal  Care  and  Use  Review  Office  (ACURO). 

We  have  prepared  the  animal  protocol  (2013-001)  and  received  approval  from  our  IACUC  on  08-02- 
2013.  We  also  submitted  it  to  USAMRMC  ACURO  on  11-13-2013,  and  received  the  approval  from 
ACURO  for  this  protocol  at  December  30,  2013. 

We  made  an  amendment  for  the  protocol  (2013-001  (A01))  and  get  approval  by  Stevens  IACUC  on 
October  24,  2014.  We  submitted  the  protocol  amendment  for  ACURO  approval  on  November  19,  2014, 
and  received  received  approval  from  ACURO  for  the  protocol  amendment  by  December  30,  2014. 

Seeding  bone  marrow  stromal  cells  onto  nerve  grafts: 

•  BMSC  isolation  and  culture:  BMSCs  were  isolated  from  the  rats  and  cultured.  The  bone  marrow 
stromal  cells  (BMSCs)  were  isolated  from  rat’s  tibia  and  femur.  The  adult  male  Sprague-Dawley  rats 
(250-300  grams)  were  used. 

Bone  marrow  stromal  celj  isolation  and  culture :  For  rat  BMSCs  isolation  and  culture,  the  tibia  and 
femur  of  young  male  rats  were  used  to  isolate  marrow.  The  animals  were  euthanized  by  administering 
an  overdose  of  CO2  asphyxiation.  Bone  marrow  cavity  contents  were  aseptically  removed  and 
harvested  in  Dulbecco’s  Modified  Eagle’s  Medium  (DMEM)  and  50  g/mL  gentamicin.  Marrow  were 
passed  through  16  and  20  gauge  needles  and  re-suspended  in  two  medium  conditions.  Cells  were 
placed  in  DMEM  supplemented  with  10%  fetal  bovine  serum,  2.5  mM  L-glutamine,  50  g/mL 
gentamicin.  Cells  were  plated  in  flasks  in  20  ml  of  media  and  cultured  in  a  humidified  37°C/5%  carbon 
dioxide  (CO2)  incubator.  BMSCs  were  selected  based  on  their  ability  to  adhere  to  the  flask;  non¬ 
adherent  hematopoietic  cells  were  removed  upon  refeeding  after  3  days.  The  culture  medium  was 
replaced  three  times  a  week.  Cell  passaging  was  carried  out  by  incubating  for  5-10  minutes  in  calcium 
and  magnesium-free  Tyrode’s  solution  containing  0.25%  trypsin  and  replanted  the  cells  in  fresh 
medium  at  one-third  their  confluent  densities.  To  increase  the  number  of  cells,  the  cells  were  lifted  with 
trypsin,  re-plated,  and  maintained  in  culture  until  they  formed  confluent  monolayers  in  75  cm  flasks. 
After  the  second  passage,  confluent  monolayers  of  fat  mesenchymal  cells  (total  culture  duration  5-7 
days)  were  cryopreserved  in  liquid  nitrogen  until  they  were  used.  Passages  2-4  were  used  in  the 
experiments. 

We  isolated  and  cultured  primary  bone  marrow  stromal  cells  from  4  male  Sprague  Dawley  rats.  As 
shown  in  Figure  7,  we  cultured  them  to  the  point  of  confluence  upon  which  we  passaged  as  well  as 
froze  the  cells  for  safe  keeping. 
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Figure  7.  Bone  Marrow  Stromal  Cell  (BMSC)  Culture  at  lOx  (A)  and  25x  (B). 


•  Influence  of  seeding  density  for  BMSC  on  nerve  grafts:  BMSCs  were  seeded  onto  the  nerve  grafts  for 
promoting  neurite  outgrowth.  Cell  density  is  an  important  culture  variable  for  phenotypic  expression. 

We  quantified  and  characterized  the  BMSCs  after  seeding  onto  scaffolds  at  three  different  cell  seeding 
densities  (low:  0.5x10  ,  medium:  1x10  cells/cm  ,  high:  1x10  cells/cm  )  corresponding  to  0.5X,  IX  and 
10X  confluency.  Cell  attachment  and  morphology  were  observed  using  confocal  microscopy.  Cell 
proliferation  was  studied  at  different  time  points  (1,  7,  14  and  21  days)  by  using  3-(4,5-dimethylthiazol- 
2-yl)-2, 5-diphenyl  tetrazolium  bromide  (MTS)  assay.  Cell  differentiation  was  studied  at  different  time 
point  by  immunostaining  for  the  protein  S-100.  Relative  expression  of  genes  for  Schwann  cell 
phenotypic  expression  in  nerve  grafts  was  also  measured  using  Quantitative  Real-time  Polymer  chain 
reaction  (PCR). 

o  Cell  proliferation:  We  fabricated  72  nerve  grafts  and  divided  them  into  three  groups  of  24.  For  the 
first  group  we  seeded  1X1 04  cells/scaffold,  the  second  group  we  seeded  5X104  cells/scaffold,  and 
for  the  third  group  we  seeded  IX 105  cells/scaffold.  The  time  points  for  this  task  are  1,7,  14,  and  21 
days. 


MTS  Optical  Density  Value 


1.6 


Day  1  Day  7  Day  Day  2 1 

■  i'idM  ■  $*10' *4  ■  i  * i d":1?  ■Control 

Figure  8.  The  MTS  results  for  BMSCs  seeded  on  nerve  grafts  in  tissue  culture  plates. 


For  the  nerve  grafts  in  the  tissue  culture  plate  three  different  cell  densities  were  studied:  1*10A4, 

5*  1 0A4,  and  1*10A5.  The  nerve  grafts  were  of  the  same  type  for  each  cell  density.  Once  the  BMSCs 
were  seeded  onto  the  nerve  grafts,  they  were  treated  with  differentiation  medium  allowing  them  to 
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mature  into  Schwann  Cells.  The  differentiation  medium  was  added  on  Day  1.  As  shown  in  Figure  8, 
cell  proliferation  increases  with  respect  to  time. 

o  Confocal  imaging: 


Day  1: 


1*10A4  5*10A4  1*10A5  Control 


Day7  : 


1*10A4  5*10A4  1*10A5  Control 


Day  21: 


1*10A4  5*10A4  1*10A5  Control 

Figure  9.  Confocal  imaging  of  BMSCs  on  nerve  grafts  with  different  seeding  densities. 


As  shown  in  Figure  9,  BMSC  cell  differentiation  was  indicated  by  positive  staining  of  S-100.  We  further 
focused  on  the  PCR  analysis  by  identifying  more  sensitive  primers  for  characterizing  the  differentiation  of 
BMSC  on  nerve  grafts. 
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o 


RT-PCR  for  Schwann  cells  and  BMSCs:  Shown  below  are  the  RT-PCR  results  of  Schwann  cells  and 
BMSCs  cultured  in  a  flask.  The  RT-PCR  is  an  assay  to  determine  cell  type  based  on  which  biomarkers 
are  expressed  at  the  time  points  of  interest.  It  is  well  known  that  BMSCs  differentiate  into  Schwann  cells 
with  sufficient  time,  however  it  was  critical  to  determine  which  biomarkers  are  expressed  to  distinguish 
whether  the  cell  was  a  Schwann  cell  or  BMSC.  Once  BMSCs  differentiate,  they  express  the  same 
biomarkers  as  Schwann  Cells. 


Table  1.  The  RT-PCR  results  of  Schwann  ce 


Is  and  BMSCs. 


GAPDH 


MBP 


NGF 


NGL-1 


NGL-2 


MPZ 


Schwann  cells 


BMSCs 


Based  on  the  RT-PCR  results  shown  in  Table  1,  it  was  concluded  that  the  NGL-1,  NGL-2,  and  MPZ 
biomarkers  were  applicable  for  distinguishing  whether  a  cell  was  a  Schwann  cell  or  a  BMSC.  These  are 
the  only  biomarkers  that  were  not  expressed  by  BMSCs  in  RT-PCR,  as  such  it  provides  a  clear 
distinction  between  both  cell  types. 

o  Q-PCR:  Based  on  our  current  assessment,  we  moved  forward  and  performed  Quantitative-Polymerase 
Chain  Reaction  (Q-PCR).  Our  current  study  allowed  us  to  better  understand  which  biomarkers  to  focus 
on  and  further  grasp  the  distinction  between  Schwann  cells  and  BMSCs.  We  are  now  better  prepared  to 
perform  future  tasks.  We  designed  new  primers  for  GFAP,  MPZ,  P75,  and  Sox  10.  The  designed 
sequences  for  biomarkers  are  noted  below  in  Table  2. 

We  used  quantitative  PCR  (Q-PCR)  to  identify  the  expression  level  of  each  sample,  and  applied  the 
standard  curve  for  comparison  of  samples  to  a  control  group.  We  developed  the  standard  curve  by 
diluting  a  50ng/pl  RNA  of  Control  group  to  5ng/pl,  0.5ng/pl,  0.05ng/pl,  0.005ng/pl,  0.0005ng/pl  and 
0.00005ng/pl.  We  then  used  these  RNA  dilutions  to  build  the  threshold  cycle  (Ct)  standard  curve. 
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Table  2.  New  Primer  Design 


Primers 

Orientation 

Sequences 

GFAP 

Forward 

agaaaaccgcatcaccattc 

Reverse 

gcacacctcacatcacatcc 

MPZ 

Forward 

CTGGTCC  AGT  G  A  AT  GGGTCT 

Reverse 

GTT  G  AC  CCTT  GGC  AT  AGT  GG 

P75  (nerve  growth  factor  receptor) 

Forward 

AGCAGACCCATACGCAGACT 

Reverse 

TATCCCCGTTGAGCAGTTTC 

Sox  10 

Forward 

TAGCCTTGAAGGGCAGAAAA 

Reverse 

GGAGGGGAGTGGGTACTCTT 

We  used  the  melting  curve,  which  is  provided  by  the  software  (DNA  Engine  Opticon  2  System  for  Real 
Time  PCR  Detection)  to  determine  if  the  expression  curve  included  byproduct.  Since  there  was  only  one 
peak  in  the  melting  curve  figure,  this  confirms  our  expression  curve  is  derived  from  only  one  product 
and  does  not  have  any  contamination  or  byproduct. 

We  observed  an  expression  difference  of  Neuregulin-l(Nrg-l).  Neuregulin-1  (Nrgl)  controls  Schwann 
Cell  proliferation  and  differentiation  depending  on  the  cellular  environment  and  the  particular  stage  of 
Schwann  Cell  maturation.  The  Nrg-1  was  used  in  Q-PCR  because  it  is  a  biomarker  for  Schwann  cells 
and  can  be  used  to  assess  differentiation  of  BMSCs  to  BMSC  derived  Schwann  Cell-like  cells. 

We  performed  Q-PCR  on  the  bioreactor  groups,  tissue  culture  plates,  and  the  control  on  day  14  and  day 
21.  We  selected  day  14  and  day  21  for  Q-PCR  based  on  our  quick  study  with  the  bioreactor  since  cell 
differentiation  could  not  be  assessed  at  day  1  and  day  7. 


Expression  Level  of  Neuregulin-1 

2.5 


5*10M  1*10*5  Control 


■  DAY  M  ■  DAY  21 

Figure  10.  Expression  Level  of  Neuregulin-1  for  Task  #2b. 

While  the  tissue  culture  plate  groups  were  cultured  with  differentiation  medium,  the  control  group  was 
cultured  with  complete  medium  alone.  By  retaining  the  control  group  BMSCs  in  an  undifferentiated 
state,  it  allowed  us  to  compare  the  gene  expression  level  for  the  BMSC  derived  Schwann  Cell-like  cells 
to  that  of  the  BMSCs  for  the  Q-PCR. 

The  Expression  Level  of  Neuregulin-1  bar  graph  above  illustrates  the  quantified  day  14  and  day  21 
expression  curves  for  the  listed  groups  (Figure  10).  The  control  group  had  the  lowest  Nrg-1  expression 
level  due  to  the  fact  that  no  differentiation  medium  was  applied  for  the  control  group.  Expression 
increased  for  all  groups.  The  data  for  the  TCP  groups  yielded  a  higher  expression  level  for  1X10A5  at 
day  14  and  day  21  compared  to  the  control.  This  observation  is  consistent  throughout  all  of  the  assays 
that  were  performed. 
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Seeding  BMSCs  onto  nerve  grafts  and  cultured  in  rotating  bioreactors: 

•  BMSCs  were  seeded  onto  nerve  grafts  and  cultured  in  rotating  bioreactors.  The  cell  proliferation  and 
differentiation  was  characterized  as  described  below.  The  nerve  grafts  were  placed  in  bioreactors  for 
further  improving  their  performance.  The  nerve  grafts  were  seeded  with  primary  rat  BMSCs  and 
examined  for  cellular  adhesion,  proliferation,  phenotypic  expression,  and  neurite  outgrowth  stimulating 
activity  in  bioreactors.  Specifically,  we  evaluated  the  bioreactor  rotating  speed  and  culturing  durations 
on  cellular  responses.  Cell  proliferation  and  differentiation  was  evaluated  for  1,  7,  14  and  21  days.  The 
rotating  speed  of  bioreactors  is  an  important  factor  to  determine  the  transport  of  nutrients  and  cellular 
response  in  bioreactors.  In  addition,  the  shear  stress  was  generated  in  the  rotating  bioreactors  and  affects 
the  behavior  of  bone  marrow  stromal  cells.  The  shear  stress  in  the  bioreactors  increases  with  the  increase 
of  rotating  speed.  Cells  in  the  bioreactors  may  be  damaged  by  very  high  shear  stress.  To  study  the 
influence  of  rotating  speed  of  bioreactors,  we  evaluated  three  different  rotating  speeds  (low:  16  rpm, 
medium:  24  rpm,  high:  32  rpm)  on  cell  proliferation  and  differentiation. 


MTS  Optical  Density  Value 


Day  I  Cay  7  Day  14  Day  2 1 


■  In  if  n  i )  ■  !:4r  >;ihi  V  -i?  i  pm  ■  ■,,'.t>n1r:l 


Figure  11.  The  MTS  results  for  BMSCs  seeded  on  a  bioreactor. 


o  Cell  proliferation:  For  each  of  the  nerve  grafts  seeded  in  a  bioreactor  5*  10A4  BMSCs  were  seeded  and 
the  bioreactor  was  rotated  at  16  rpm,  24rpm,  and  32  rpm.  The  nerve  grafts  were  of  the  same  type  for 
each  group.  Once  the  BMSCs  were  seeded  onto  the  nerve  grafts,  they  were  treated  with  differentiation 
medium  allowing  them  to  mature  into  Schwann  Cells.  The  differentiation  medium  was  added  on  Day  1. 

As  shown  in  Figure  11,  cell  proliferation  increases  with  respect  to  time.  The  nerve  graft  seeded  with 
5*1 0A4  BMSCs  in  a  bioreactor  at  16  rpm  showed  the  highest  cell  proliferation  rate,  according  to  weekly 
confocal  imaging  and  MTS  data  throughout  the  2 1  day  period.  The  confocal  images  also  supported  use 
of  bioreactors  for  greater  cell  infiltration. 


o  Quantitative  PCR:  While  the  bioreactor  and  tissue  culture  plate  groups  were  cultured  with 

differentiation  medium,  the  control  group  was  cultured  with  complete  medium  alone.  By  retaining  the 
control  group  BMSCs  in  an  undifferentiated  state,  we  were  able  to  compare  the  gene  expression  level 
for  the  BMSC  derived  Schwann  Cell-like  cells  to  that  of  the  BMSCs  for  the  Q-PCR. 


The  Expression  Level  of  Neuregulin-1  bar  graph  above  illustrates  the  quantified  day  14  and  day  21 
expression  curves  for  the  listed  groups  (Figure  12).  The  control  group  had  the  lowest  Nrg-1  expression 
level  due  to  the  fact  that  no  differentiation  medium  was  applied  for  the  control  group.  Expression 
increased  for  all  groups.  The  data  for  the  TCP  groups  yielded  a  higher  expression  level  for  1X10A5  at 
day  14  and  day  21,  however  the  bioreactor  group  16  rpm  performed  better  than  the  TCP  and  the  control. 
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This  observation  is  consistent  throughout  all  of  the  assays  that  were  performed.  The  critical  difference 
between  the  bioreactor  and  TCP  is  that  the  bioreactor  allows  for  cell  attachment  and  growth  for  a  greater 
surface  area  on  the  scaffold  due  to  the  reduced  impact  of  gravity.  This  allows  a  more  favorable 
environment  for  cells  to  attach,  grow,  proliferate,  and  infiltrate  in  comparison  to  the  opportunities 
available  in  the  TCP. 


Expression  Level  of  Neuregulin-1 


16rpm  24rpm  32rpm  Control 

■  DAY  14  ■  DAY  21 

Figure  12.  Expression  Level  (ng)  of  Neuregulin-1  assessed  using  Q-PCR. 


Based  on  the  results  above,  we  concluded  that  a  bioreactor  provides  a  more  favorable  environment 
for  cell  culture  than  a  tissue  culture  plate.  From  the  MTS  analysis  and  confocal  images  at  day  21  it 
was  evident  that  the  data  for  5*10A4  and  1*10A5  groups  were  statistically  insignificant.  While  the 
proliferation  was  higher  up  until  day  21  for  the  1*10A5  group  compared  to  the  5*10A4  group,  the  day 
21  showed  with  sufficient  time  the  5*10A4  seeding  density  achieved  comparable  proliferation  as  that 
of  the  1*1 0A5  seeding  density. 

In  the  bioreactor  study  a  16rpm  was  determined  to  provide  a  more  suitable  condition  for  cell  culture 
than  24rpm  and  32rpm.  This  is  based  on  the  MTS  data  and  confocal  images.  While  the  proliferation 
for  16rpm  up  until  day  21  is  lower  and/or  similar  to  24rpm  and  32rpm  the  day  21  data  show  higher 
proliferation  for  16rpm. 

The  bioreactor  provided  a  more  favorable  environment  for  cell  culture  compared  to  the  tissue  culture 
plate.  Based  on  the  MTS  data  and  cell  proliferation  in  the  confocal  images  the  bioreactor  at  16  rpm 
provided  a  more  favorable  environment  than  any  other  group  we  studied,  especially  at  the  day  21 
time  point. 

•  Neurite  stimulation:  BMSCs  seeded  on  nerve  grafts  were  assessed  for  promoting  neurite  extension  from 
PC- 12  cells  as  described  below. 

o  Neurite  outgrowth  stimulating  activity:  The  nerve  grafts  optimized  in  the  above 

adhesion/proliferation  and  differentiation  studies  were  used  to  evaluate  neurite  outgrowth 
stimulating  effects  from  PC- 12  cells  cultured  on  the  nerve  grafts  by  staining  for  neurofilament. 
Specifically,  PC  12  cells  were  cultured  on  the  nerve  graft  with  optimal  cell  proliferation  and 
differentiation  as  determined  in  static  and  dynamic  bioreactor  cultures,  and  stained  for 
neuro filament  for  evaluating  neurite  outgrowth.  Neurite  length  and  percentage  of  PC  12  cells  with 
neurite  outgrowth  will  be  quantitatively  determined  by  analyzing  the  images  from  confocal  laser 
scanning  microscopy. 
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We  seeded  BMSCs  on  nerve  grafts.  The  following  groups  were  studied:  a  control  which  was  treated 
only  with  complete  medium  and  nerve  grafts  in  a  bioreactor  (at  16rpm;  3D  group)  and  nerve  grafts  in  a 
tissue  culture  plate  (both  groups  treated  with  differentiation  medium;  TCP  group).  We  seeded  5*10A4 
BMSCs  on  nerve  grafts  for  7  days  and  21  days.  At  the  7  day  and  21  day  time  point,  we  seeded  PC- 12 
cells  on  the  set  of  nerve  grafts  for  which  BMSCs  were  cultured  for  7  days  and  the  set  that  had  been 
cultured  for  21  days.  The  BMSCs  and  PC- 12  cells  were  co-cultured.  In  one  set  of  groups  the  medium 
contained  NGF  and  in  another  set  the  medium  did  not  contain  NGF,  as  such  this  resulted  in  a  total  of  six 
groups.  The  justification  for  using  these  groups  stemmed  from  the  results  of  the  BMSC  proliferation. 
Since  it  was  determined  that  the  16rpm  group  was  best  from  the  BMSC  study  above,  we  used  this  speed 
for  the  bioreactor  for  the  PC- 12  study.  This  allowed  us  to  assess  the  efficacy  of  the  nerve  grafts  in 
aiding  neurite  extension  of  the  PC- 12  cells.  The  groups  were  assessed  at  day  1 1  following  the  PC- 12 
seeding.  The  neurite  extension  was  assessed  images  using  a  confocal  microscope. 
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Figure  13.  Neurite  Extension  of  PC- 12  cells  on  BMSCs  and  Nerve  Grafts  cultured  in  different  environments. 

Based  on  the  confocal  images,  the  neurite  extension  was  assessed  to  be  best  for  the  bioreactor  group  for 
which  the  medium  contained  NGF  (Figure  13).  For  the  day  7  results  the  bioreactor  groups  (with  NGF 
and  without  NGF)  were  statistically  insignificant  and  the  control  group  with  NGF  and  the  TCP  group 
without  NGF  were  statistically  insignificant.  This  was  observed  again  for  the  results  at  the  day  21  time 
point.  From  these  results  we  assume  that  after  differentiation  the  BMSCs  secrete  sufficient  NGF  for  PC- 
12  neurite  outgrowth.  In  conclusion,  a  bioreactor  provides  a  more  favorable  environment  for 
differentiated  BMSCs  to  secrete  NGF. 

In  vivo  animal  experiments: 

•  Preparation  of  nerve  grafts:  Fabrication  of  optimized  novel  structured  scaffolds  with  and  without 
biological  factors  based  on  the  results  obtained  from  in  vitro  studies  as  described  below. 

The  following  types  of  nerve  grafts  have  been  prepared  so  far:  1)  Nerve  graft  alone  (n=9);  2) 

Nerve  graft  loaded  with  nerve  growth  factors  (n=9). 

We  fabricated  nerve  grafts  for  implantation  (Figure  14).  The  following  nerve  grafts  were  fabricated:  0.1mm 
spiral  nerve  graft  with  inner  aligned  nanofibers  (16  min)  wrapped  with  an  outer  tube  (50pm  thickness) 
(SAT)  and  0.1mm  spiral  nerve  graft  with  inner  aligned  nanofibers  (16  min  -  loaded  with  NGF)  all  wrapped 
with  an  outer  tube  (50pm  thickness)  (SAT+NGF).  This  task  is  currently  ongoing.  Below  is  an  illustration  of 
the  wall  thickness  and  cross  section,  respectively,  of  the  fabricated  nerve  grafts  for  implantation. 


Neurite  Extension 


120 

1D0 


Dav7  Day  7 -NGF  Day  21 

■  Control  ■rep  a -in 


17 


•  Surgery  and  characterization:  The  animal  study  protocol  was  approved  by  the  Animal  Care  and  Use 
Review  Office  at  the  Stevens  Institute  of  Technology  and  at  the  Department  of  Defense  and  the  Institutional 
Animal  Care  and  Use  Committee.  Male  Sprague  Dawley  rats  weighing  between  251-275  grams  were  used 
for  this  animal  study.  The  animals  were  anaesthetized  using  a  combination  of  oxygen  and  isoflourane.  After 
incision  of  the  skin,  the  right  sciatic  nerve  was  exposed  and  then  severed  for  the  removal  of  1 5mm  near  the 
obturator  tendon  in  the  mid-thigh  for  the  implanation  of  the  aforementioned  nerve  grafts.  The  proximal  and 
distal  nerve  stumps  were  secured  into  the  conduit  using  10-0  nylon  microsutures.  The  muscle  and  skin  were 
then  closed  using  4-0  resorbable  sutures. 

o  Sciatic  functional  index:  We  performed  a  functional  assay,  the  walking  track  analysis,  to 

measure  the  sciatic  functional  index  (SFI).  This  assay  is  widely  used  by  investigators  in  the  field 
of  peripheral  nerve  injury  to  assess  nerve  regeneration.  The  paw  prints  from  the  experimental 
and  control  hind  limbs  were  compared.  As  the  SFI  value  approaches  zero,  the  corresponding 
functional  recovery  is  better.  Preoperatively,  the  right  hind  paws  of  the  rats  were  painted  with 
trypan  blue  dye,  and  the  right  hind  paw  prints  were  recorded  by  training  the  animal  to  walk  in  a 
box.  Every  two  weeks  post-surgery  the  same  procedure  was  repeated  and  the  right  hind  paw 
prints  were  again  recorded.  Three  parameters  were  derived  from  the  paw  prints:  print  length 
(PL),  toe  spread  (TS;  distance  from  toe  1  to  toe  5),  and  intermediate  toe  spread  (IT;  distance 
from  toe  2  to  toe  4).  The  parameters  from  paw  prints  taken  before  and  after  surgery  were 
considered  to  be  normal  and  experimental  respectively.  The  sciatic  functional  index  was 
calculated  by  using  the  following  formula3: 

SFI  =  -38.3  [(EPL  -  NPL)/NPL]  +  109.5  [(ETS  -  NTS)/NTS]  +  13.3  [(EIT  -  NIT)/NIT]  -  8.8. 


Figure  15.  The  SFI  recovery  over  12  Weeks 
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6.  The  footprints  from  the  groups  studied  for  SFI:  normal  footprint  pre-surgery  (A),  autograft,  (B), 

SAT  (C),  and  SAT+NGF  (D) . 


The  normal  SFI  was  recored  for  the  animals  prior  to  the  surgery  and  every  2  weeks  post-surgery  the  SFI 
was  calculated.  As  can  be  seen  from  Figure  15  and  16,  the  autograft  had  better  recovery  than  the  0.1mm 
spiral  nerve  graft  with  inner  aligned  nanofibers  (16  min)  and  wrapped  with  an  outer  tube  (50pm 
thickness).  The  autograft  may  have  had  better  recovery  due  to  the  fact  that  it  provides  the  ideal  cross 
sectional  surface  area,  and  contains  the  growth  factors,  proteins,  and  cells  ideal  for  recovery,  which  is 
why  it  is  the  gold  standard  in  the  field.  The  favorable  environment  provided  by  the  autograft  is  what  we 
are  trying  to  emulate  in  our  project. 

o  Electro  physiologic  test:  Electro  physiologic  studies  were  performed  to  assess  the  restoration  of 
functionality  of  the  regenerated  nerve  through  the  implants  at  the  12  week  time  point  after  implantation. 
Each  rat  was  placed  under  anesthesia  again  during  the  course  of  the  data  collection.  The  sciatic  nerve 
was  exposed  at  the  surgical  site.  A  recording  needle  electrode  was  placed  in  the  gastrocnemius  muscle 
and  stimulation  electrodes  were  placed  directly  posterior  to  the  tibia;  the  sciatic  nerve  was  stimulated 
with  two  stainless  wire  electrodes  connected  to  an  electrical  stimulator.  A  ground  electrode  was  placed 
in  the  surrounding  muscle  tissues  to  remove  conduction  of  stimulation  through  muscle  tissues.  The 
amplitude  and  nerve  conduction  velocity  (NCV)  of  the  evoked  compound  muscle  action  potentials 
(CMAPs)  were  recorded.  As  shown  in  Figure  17,  the  electrophysiology  test  results  from  the  autograft 
and  the  0.1mm  spiral  nerve  graft  with  inner  aligned  nanofibers  (16  min)  wrapped  with  an  outer  tube 
(50pm  thickness)  were  completed.  The  signal  is  stronger  for  the  autograft  group  thus  indicating  a 
greater  presence  of  myelinated  axons,  and  potentially  axons  with  a  greater  diameter  and  a  thicker 
myelin  sheath.  This  is  evident  based  on  the  amplitude  of  the  signal  and  the  latency  values5'7. 
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Figure  17.  The  results  of  the  electrophysiology  test.  Autograft  (A)  and  and  0.1mm  spiral  nerve 
graft  with  inner  aligned  nanofibers  (16  min)  wrapped  with  an  outer  tube  (50pm  thickness)  (B). 


Table  3.  The  results  of  the  Pinch  Test 


Pinch  Test  Results 

Autograft 

9/9 

100% 

SAT 

4/9 

44.4% 

SAT+NGF 

7/9 

77.8% 
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o  Pinch  test:  The  pinch  test  was  performed  on  the  animals  following  the  electrosphyiological 
assessment.  The  nerve  trunk  distal  to  the  conduit  was  pinched  with  a  pair  of  forceps.  Contraction  of  the 
muscle  on  the  back  or  movement  of  the  leg  indicated  the  presence  of  a  regenerated  nerve  inside  the 
conduit.  The  pain  reflex  was  observed.  This  assessment  was  critical  to  evaluate  the  presence  of 

O 

myelinated  axons  in  the  regenerated  nerve  and  as  well  as  if  they  are  functional  .  As  shown  in  table  3, 
the  autograft  group  has  the  highest  number  os  animals  pass  the  pinch  test  (100%),  follow  by  the  nerve 
graft  with  NGF  group  (77.8%),  and  nerve  graft  alone  group  (44.4%). 
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Figure  18.  The  Relative  Gastrocnemius  Muscle  Weight  over  12  Weeks 

o  Gastrocnemius  muscle  mass  measurement:  It  has  been  noted  that  gastrocnemius  muscle  mass  is 
proportional  to  the  degree  of  sciatic  nerve  innervation  and  is  an  indicator  of  the  functional  activity  of 
sciatic  nerves.  Therefore  gastrocnemius  muscle  mass  provides  indirect  evidence  for  evaluating 
functional  sciatic  nerve  regeneration  since  it  undergoes  atrophy  after  sciatic  nerve  injury;  its  mass  is 
proportional  to  extent  of  sciatic  nerve  innervation.  The  relative  gastrocnemius  muscle  weight 
(RGMW)  is  defined  as  the  ratio  of  the  gastrocnemius  muscle  weight  from  the  experimental  (right)  side 
to  that  of  the  normal  (left)  side.  RGMW  is  used  as  a  parameter  to  represent  the  “functional” 
consequences  of  sciatic  nerve  regeneration9"12.  The  results  indicated  that  the  autograft  group  has 
signigicantly  higher  recovery  of  gastrocnemius  muscle  mass  as  compared  to  the  nerve  graft  with  NGF 
group  and  nerve  graft  alone  group  (Figure  18). 


Figure  19.  The  histology  image  for  the  autograft  at  12  weeks.  Here  we  see  the  overall  cross  section  (A)  at 
4x  and  a  20x  image  (B)  focused  on  a  specific  region  of  the  cross  section. 

o  Histology:  At  the  specified  time  point  of  12-weeks,  the  rats  were  euthanized  via  carbon  dioxide 
asphyxiation.  The  surgical  site  was  reopened  to  explant  the  NGCs  for  a  histological  analysis.  The 
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NGCs,  which  housed  the  regenerated  nerve,  were  placed  in  4%  paraformaldehyde.  Specimens  (2  mm) 
at  the  midpoint  of  the  NGCs  were  collected  and  embedded  in  epoxy.  Sections  (900  nm)  were  cut  with 
a  glass  knife  on  an  ultra-microtome  and  then  stained  with  1%  toluidine  blue  solution  '  .  Currently, 
the  histological  analysis  is  still  ongoing  (Figure  19). 

Based  on  the  assessments  above,  it  can  be  concluded  that  for  a  critical  gap  length  of  15mm  in  a  rat  sciatic 
nerve  the  autograft  still  provides  a  more  favorable  environment  than  a  nerve  guidance  conduit  synthesized 
in  a  laboratory.  It  has  been  noted  an  autograft  contains  appropriate  structures,  growth  factors,  cells,  and 
proteins  all  of  which  are  crucial  for  successful  for  nerve  regeneration.  Based  on  these  features,  the  autograft 
served  as  the  positive  control.  As  we  continue  our  in  vivo  studies  we  will  incorporate  more  additives  using 
different  techniques  to  achieve  results  comparable  to  the  autograft  and  in  turn  provide  a  more  favorable 
environment  for  nerve  regeneration. 

Moreover,  composite  scaffold  PCL  nanofiber  matrices  with  Na-Alg  coating  and  blending  approach  for 
PCL-  gelatin,  and  electrically  conducting  polymers  were  investigated  for  improving  various  properties 
for  nerve  conduits. 

•  Incorporate  ECM  protein  laminin  onto  nerve  grafts:  ECM  protein  laminin  was  incorporated  onto 
the  nerve  grafts  using  blending  technique.  In  addition  to  the  laminin,  cells  were  treated  using  NGF 
(17.5  ^g/ml  from  stock  of  1  mg/ml  was  added  in  50  ml  cell  culture  medium)  in  cell  culture 
medium.  Nerve  grafts  loaded  with  laminin  were  incubated  with  hBMSCs  and  samples  and  treated 
with  NGF  cell  culture  media.  Samples  were  collected  at  various  time  points  for  the  microscopy. 
The  nature  and  action  of  nerve  growth  factor  in  in  vitro  environment  on  nerve  grafts  was  studied 
using  confocal  microscopy. 


Figure  20:  PCL-sodium  alginate  aligned  nerve  grafts  loaded  with  laminin  seeded  with  hBMSC 
and  treated  with  NGF  (Murine,  natural,  2.5S)  and  Live/Dead  assays  were  performed  at  each  time 
point.  Study  indicated  cell  proliferation  with  respect  to  time  also  the  neurite  extension  was 
minimal  on  day  3  as  compared  to  day  14  and  day  21 . 


Due  to  the  non-availability  of  any  active  groups  in  PCL  we  adopted  a  blending  technique  for  the 
loading  of  laminin  to  the  PCL-sodium  alginate  nerve  grafts.  To  create  nanofibers,  PCL  solution 
was  electrospun  at  20  kV,  1  ml/hr  and  a  distance  of  20  cm  using  custom  made  aluminium  mold  to 
obtain  aligned  nanofibers.  For  laminin  loading,  to  the  sodium  alginate  solutions  40  ug/ml  laminin 
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was  dissolved  and  the  solution  was  coated  on  PCL  nanofibers.  Coated  fibers  were  dried  at  room 
temperature  and  stored  at  4°C  until  further  use. 

Nerve  growth  factor  treatment:  Nerve  growth  factor  was  added  to  the  cell  culture  medium  and 
samples  were  treated. 

Neurite  outgrowth  stimulating  activity:  To  determine  the  neurite  outgrowth  in  presence  of  NGF, 
images  were  obtained  for  Live/Dead  assay  using  confocal  microscopy. 

Study  indicated  cell  proliferation  with  respect  to  time  also  the  neurite  extension  was  minimal  on 
day  3  as  compared  to  day  14  and  day  21  (Figure  20). 

o  Cell  proliferation  studies:  Cell  proliferation  studies  indicated  that,  sodium  alginate  coated  PCL 
nanofibers  had  enhanced  cell  proliferations  as  compared  to  non-coated  PCL  nanofibers.  When 
compared  between  degraded  sodium  alginate  and  non-degraded  sodium  alginate  coated  PCL 
nanofibers  for  cell  proliferations,  the  PCL  nanofibers  coated  with  degraded  sodium  alginate  had 
enhanced  cell  proliferations  over  PCL  nanofibers  coated  with  non-degraded  sodium  alginate. 
Comparative  results  are  as  shown  in  Figure  21. 
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Figure  21:  DNA  assay  indicating  the  cell  proliferation  over  a  period  of  21  days  on  neat  and  sodium 
alginate  coated  PCL  matrices.  The  progressive  bone  marrow  stromal  cell  growth  with  respect  to  time 
ensured  the  matrix  compatibility  with  the  cells. 

•  Ionically  conductive  polymers  for  nerve  regeneration:  Ionically  conductive  polymers:  PCL 

nanofibers  were  coated  with  ionically  modified  hydrogels  and  conductivities  were  tested.  Studies 
indicated  that  PCL  nanofibers  coated  with  ionically  modified  hydrogels  had  significantly  less 
resistance  as  compared  to  unmodified  hydrogel  coated  PCL  nanofibers  as  well  as  only  PCL 
nanofibers.  These  studies  indicate  that  ionically  modified  hydrogel  could  be  useful  for  the 
differentiation  of  BMSCs  to  the  neural  cells  under  electrical  stimulations.  Results  of  ionic 
conductivity  measurements  are  as  shown  in  figure  22. 
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Figure  22:  Electric  conductivity  measurements  of  PCL  nanofibers  coated  with  unmodified 
hydrogel  (NS-NF-1),  with  sulfonate  modified  hydrogel  (NS-NF-4),  with  carboxylate  modified 
hydrogel  (NS-NF-7),  with  phosphate-modified  hydrogel  (NS-NF-10),  and  without  coating 
(control). 

o  Cell  proliferation  studies:  Cell  proliferation  studies  indicated  that,  ionically  modified  hydrogel 
coated  PCL  nanofibers  had  excellent  cell  proliferations.  Results  are  as  shown  in  Figure  23B. 
Also  upon  electrical  stimulations,  neurite  extensions  were  noticed  as  shown  in  figure  23E. 

o  Neurite  outgrowth  stimulating  activity:  Electrical  stimulations  were  performed  by  applying  direct 
current  (DC)  of  400  mV  for  10  minutes  every  24  hrs.  Studies  were  continued  for  5  days  and  then 
were  analyzed  by  immunostainings  for  neuronal  protein  expressions. 


Figure  23.  Cells  stained  for  tubulin  (green)  and  MAP2  (red)  (A-C)  control  without  stimulations, 
(D-F)  upon  electrical  stimulation  at  400  mV  DC-day5.  Image  (C,F)  in  inset  indicates  stained 
images,  and  (B,E)  in  inset  indicates  Live/Dead  assays  of  cells  before  and  after  electrical 
stimulations. 
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o  Immunostainings:  To  determine  the  neurite  outgrowth  in  presence  of  electrical  stimulations, 
samples  were  stained  for  nerve  specific  proteins  such  as  tubulin  and  MAP  2.  Images  are  as 
indicated  in  figure  23D-F. 

Electrical  stimulation  studies  indicted  expressions  of  tubulin  and  MAP  2  upon  electrical 
stimulations  for  5  days.  Whereas  there  were  no  tubulin  and  MAP  2  expressions  noticed  in  control 
samples. 

Cell  viability  studies  indicated  excellent  cell  attachment  and  proliferations  on  ionic  chitosan.  Also 
neurite  extensions  and  expression  of  neuronal  markers  were  prevalent  upon  electrical  stimulations. 
These  observations  conclude  that  ionic  chitosan’ s  are  an  excellent  material  to  the  use  for  nerve 
regeneration  applications. 

4.  KEY  RESEARCH  ACCOMPLISHMENTS:  Bulleted  list  of  key  research  accomplishments 

emanating  from  this  research.  Project  milestones,  such  as  simply  completing  proposed  experiments, 
are  not  acceptable  as  key  research  accomplishments.  Key  research  accomplishments  are  those  that 
have  contributed  to  the  major  goals  and  objectives  and  that  have  potential  impact  on  the  research  field. 

•  We  quantitatively  assessed  the  release  kinetics  of  the  nerve  growth  factor  by  adding  chitosan  and 
observed  the  neurite  extension  of  PC12  cells.  We  compared  the  following  groups:  PCL,  PCL- 
NGF,  PCL-BSA-NGF,  PCL-PEG-NGF,  and  PCL-PEG-B S A-NGF .  PCL-NGF  resulted  in  poor 
PCL-12  extension,  PCL-BSA-NGF  showed  a  better  NGF  release  based  on  PC-12  neurite 
extension,  and  PCL-PEG-NGF  improved  cell  attachment.  Based  on  these  characteristics  the 
PCL-PEG-B S A-NGF  group  yielded  the  best  results. 

•  We  seeded  BMSCs  onto  nerve  grafts  at  different  seeding  densities  of  1X1 04/  cm2,  5X104/  cm2, 

5  2  5  2 

and  1X10  /  cm  ,  and  observed  that  the  seeding  density  of  1X10  /  cm  resulted  in  highest 
proliferation  and  differentiation  of  BMSCs. 

•  The  bone  marrow  stromal  cells  (BMSCs),  which  had  been  isolated  and  cultured  from  rats  were 
seeded  on  nerve  grafts  in  tissue  culture  plates  and  bioreactors.  We  seeded  different  densities  of 
BMSCs  on  nerve  grafts  to  assess  cell  adhesion,  proliferation,  differentiation,  gene  expression, 
and  cell  morphology.  The  results  indicated  that  the  bioreactor  culture  condition  in  3D 
significantly  stimulated  BMSC  proliferation  and  differentiation. 

•  The  rotating  speed  at  16  rpm  in  bioreactors  stimulated  better  proliferation  and  differentiation  of 
BMSCs  in  3D,  and  stimulated  better  neurite  extension  from  PC  12  cells. 

•  We  cultured  BMSCs  on  nerve  grafts  in  bioreactors  for  days,  and  we  then  seeded  PC-12  cells  and 
co-cultured  the  BMSCs  and  PC- 12  cells  on  the  nerve  grafts  for  another  1 1  days.  We  assessed 
neurite  extension  of  the  PC- 12  cells  on  the  nerve  grafts  using  confocal  microscopy.  The  results 
indicated  that  BMSCs  cultured  in  bioreactors  stimulated  neurite  extension  from  PC  12  cells. 

•  We  have  prepared  the  animal  protocol  and  received  approval  from  our  IACUC  on  08-02-2013. 
We  also  have  put  the  approved  animal  protocol  in  the  forms  requested  by  the  USAMRMC 
ACURO,  and  submitted  it  to  USAMRMC  ACURO  on  11-13-2013,  and  received  the  approval 
from  ACURO  for  this  protocol  at  December  30,  2013.  We  made  an  amendment  for  the  protocol 
and  get  approval  by  Stevens  IACUC  on  October  24,  2014.  We  submitted  the  protocol 
amendment  for  ACURO  approval  on  November  19,  2014,  and  received  the  approval  from 
ACURO  for  this  protocol  amendment  at  December  30,  2014. 
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•  We  implanted  three  different  nerve  grafts:  Autograft,  0.1mm  spiral  nerve  graft  with  inner  aligned 
nanofibers  (16  min)  wrapped  with  an  outer  tube  (50pm  thickness),  and  0.1mm  spiral  nerve  graft 
with  inner  aligned  nanofibers  (16  min  -  loaded  with  nerve  growth  factor)  and  wrapped  with  an 
outer  tube  (50pm  thickness).  We  then  assessed  nerve  regeneration  using  functional  tests  and 
histology  analysis,  the  preliminary  observation  indicated  that  the  autograft  had  better  recovery 
among  the  three  groups. 

•  Protocols  and  methodology  was  developed  to  coat  PCL  nanofiber  matrices  with  a  natural 
polymer.  In  the  composite  approach  aligned  and  randomly  and  aligned  nano  fiber  matrices  were 
coated  with  sodium  alginate  (Na-Alg)  of  varying  molecular  weight  in  an  effort  to  improve 
mechanical  properties  and  cell  attachment  and  phenotype  development.  Na-Alg  coating  was 
used  to  encapsulate  bioactive  factors  specially  laminin  and  NGF  and  their  release  to  promote 
neuronal  development.  Based  on  the  mechanical  properties  sodium  alginate  degraded  for  1  hr 
was  chosen  for  further  experiments  such  as  BMSCs  seeding,  attachment,  microscopy  and 
proliferation.  Results  for  cell  attachments  and  proliferations  are  published  in  Polymers  for 
Advanced  Technology  2015  (DOI:  10.1002/pat,3594). 

•  Ionically  conductive  hydrogels  are  developed  and  ionic  conductivities  of  these  hydrogels  coated 
on  PCL  nanofibers  are  tested. 

•  Live/Dead  assays  were  performed  on  ionically  conductive  hydrogels  using  BMSCs. 

•  Cell  differentiations  to  the  neuronal  phenotypes  were  studied  by  applying  electrical  stimulations 
(400  mV  for  10  minutes  every  24  hrs).  Samples  without  electrical  stimulations  served  as  a 
control. 

5.  CONCLUSION: 

Since  initiating  this  project  we  have  observed  that  in  fabricating  our  spiral  scaffold  that  a  0.1  mm  wall 
thickness  is  more  desirable  than  a  0.2  mm  wall  thickness  as  it  can  allow  more  axon  infiltration  and 
yield  more  layers  for  the  spiral  structured  scaffold  thus  allowing  a  greater  surface  area  for  nerve 
regeneration.  We  assessed  the  release  kinetics  of  nerve  growth  factor  and  determined  that  PCL-PEG- 
BSA-NGF  provided  a  favorable  environment  as  observed  by  PC-12  neurite  extension.  The  BMSCs, 
when  seeded  on  nerve  grafts  placed  in  a  bioreactor,  cultured  much  better  than  when  the  nerve  grafts 
were  placed  in  a  TCP.  The  completion  of  the  in  vitro  studies  allowed  us  to  progress  to  the  in  vivo 
studies,  which  are  currently  on  going.  Based  on  our  current  progress  with  the  in  vivo  studies  we  have 
observed  that  relative  to  the  nerve  graft  (without  any  cells,  growth  factors,  and  proteins)  the  autograft 
yielded  better  results.  While  our  in  vitro  data  showed  the  efficacy  of  the  nerve  graft  could  be  improved 
with  various  additives  we  have  not  yet  included  these  groups  in  the  in  vivo  studies.  As  such  we  expect 
the  performance  of  the  nerve  graft  to  improve  in  our  in  vivo  experiments  as  continue  to  incorporate 
additives.  Cell  viability  studies  indicated  excellent  cell  attachment  and  proliferations  on  ionic  chitosan. 
Also  neurite  extensions  and  expression  of  neuronal  markers  were  prevalent  upon  electrical 
stimulations.  These  observations  conclude  that  ionic  chitosan’ s  are  an  excellent  material  to  their  use 
for  nerve  regeneration  applications. 
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filing  date,  patent  number  if  issued,  patent  issued  date,  national,  or  international. 

Patent: 

1.  Kumbar  S.G.,  Harmon  M.D.,  Method  for  making  non-shrinking  porous  poly(lactic-co-glycolic  acid) 
nanofiber  matrices  for  tissue  regeneration  and  drug  delivery  applications.  US  Provisional  Application  # 
US  62/109,238,  2015 

8.  REPORTABLE  OUTCOMES:  Provide  a  list  of  reportable  outcomes  that  have  resulted  from  this 
research.  Reportable  outcomes  are  defined  as  a  research  result  that  is  or  relates  to  a  product,  scientific 
advance,  or  research  tool  that  makes  a  meaningful  contribution  toward  the  understanding,  prevention, 
diagnosis,  prognosis,  treatment  and  /or  rehabilitation  of  a  disease,  injury  or  condition,  or  to  improve  the 
quality  of  life.  This  list  may  include  development  of  prototypes,  computer  programs  and/or  software 
(such  as  databases  and  animal  models,  etc.)  or  similar  products  that  may  be  commercialized. 

•  We  quantitatively  assessed  the  release  kinetics  of  the  nerve  growth  factor  by  adding  chitosan  and 
observed  the  neurite  extension  of  PC12  cells.  We  compared  the  following  groups:  PCL,  PCL-NGF, 
PCL-BSA-NGF,  PCL-PEG-NGF,  and  PCL-PEG-BSA-NGF.  PCL-NGF  resulted  in  poor  PCL-12 
extension,  PCL-BSA-NGF  showed  a  better  NGF  release  based  on  PC-12  neurite  extension,  and  PCL- 
PEG-NGF  improved  cell  attachment.  Based  on  these  characteristics  the  PCL-PEG-BSA-NGF  group 
yielded  the  best  results. 

•  We  performed  Reverse  Transcription-Polymerase  Chain  Reaction  (RT-PCR)  assay  on  Schwann  Cells 
(positive  control)  and  BMSCs  (negative  control).  Based  on  the  results,  we  have  designed  primers  for 
better  characterizing  the  differentiation  of  BMSCs. 

•  We  seeded  BMSCs  onto  nerve  grafts  at  different  seeding  densities  of  1X1 04/  cm2,  5X104/  cm2,  and 

5  2  5  2 

1X10  /  cm  ,  and  observed  that  the  seeding  density  of  1X10  /  cm  resulted  in  highest  proliferation  and 
differentiation  of  BMSCs. 

•  We  observed  there  was  higher  cell  proliferation  and  differentiation  of  BMSCs  seeded  on  nerve  grafts  for 
the  3D  culture  method  in  the  rotating  bioreactors  than  those  of  BMSCs  seeded  on  nerve  grafts  2D 
culture  method.  The  rotating  speed  at  16  rpm  in  bioreactors  stimulated  better  proliferation  and 
differentiation  of  BMSCs  in  3D,  and  stimulated  better  neurite  extension  from  PC  12  cells. 


27 


•  We  implanted  three  different  nerve  grafts:  Autograft,  0.1mm  spiral  nerve  graft  with  inner  aligned 
nanofibers  (16  min)  wrapped  with  an  outer  tube  (50pm  thickness),  and  0.1mm  spiral  nerve  graft  with 
inner  aligned  nano  fibers  (16  min  -  loaded  with  nerve  growth  factor)  and  wrapped  with  an  outer  tube 
(50pm  thickness).  We  then  assessed  nerve  regeneration  using  functional  tests  and  histology  analysis,  the 
preliminary  observation  indicated  that  the  autograft  had  better  recovery  among  the  three  groups. 

•  Protocols  and  methodology  was  developed  to  coat  PCL  nanofiber  matrices  with  a  natural  polymer.  In 
the  composite  approach  aligned  and  randomly  and  aligned  nano  fiber  matrices  were  coated  with  sodium 
alginate  (Na-Alg)  of  varying  molecular  weight  in  an  effort  to  improve  mechanical  properties  and  cell 
attachment  and  phenotype  development.  Na-Alg  coating  was  used  to  encapsulate  bioactive  factors 
specially  laminin  and  NGF  and  their  release  to  promote  neuronal  development.  Based  on  the  mechanical 
properties  sodium  alginate  degraded  for  1  hr  was  chosen  for  further  experiments  such  as  BMSCs 
seeding,  attachment,  microscopy  and  proliferation.  Results  for  cell  attachments  and  proliferations  are 
published  in  Polymers  for  Advanced  Technology  2015  (DOI:  10.1002/pat.3594). 

•  We  have  developed  ionically  conductive  hydrogels  and  ionic  conductivities  of  these  hydrogels  coated  on 
PCL  nanofibers  have  tested.  These  hydrogels  have  the  potential  for  enhancing  nerve  regeneration  in 
presence  of  electrical  stimulations. 

9.  OTHER  ACHIEVEMENTS:  This  list  may  include  degrees  obtained  that  are  supported  by  this  award, 
development  of  cell  lines,  tissue  or  serum  repositories,  funding  applied  for  based  on  work  supported  by 
this  award,  and  employment  or  research  opportunities  applied  for  and/or  received  based  on 
experience/training  supported  by  this  award. 

Funding  applied  for  based  on  work  supported  by  this  award: 

1.  Project  title:  I-Corps:  A  Novel  Structured  Nanofibrous  Nerve  Guidance  Conduit  for  Nerve 
Regeneration  (PI:  Xiaojun  Yu) 

Supporting  agency:  National  Science  Foundation 
Performance  period:  07/15/2015  to  12/31/2015 
Level  of  funding:  $  50,000 

Project’s  goals:  This  project  is  to  get  training  through  NSF  for  potentially  commercializing  a  nerve 
conduit  for  repairing  peripheral  nerve  injuries. 

Status:  Funded. 
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